Background: Given geographical disparities in vaccination coverage (VC) and the crucial role general practitioners (GPs) play in vaccination in France, we sought to: 1) determine the existence of geographical variations in GPs' perceptions of vaccines, their trust in information sources, and the frequency of their recommendations to patients by comparing data from southeast (SE), central-west (CW), northwest (NW), and the rest of France; and 2) identify individual and contextual factors associated with regional variations in GPs' recommendations. Methods: This cross-sectional observational study in 2014 collected data from a panel of 2586 French GPs in private practice: 3 specific regional samples and a fourth sample for the rest of France. We calculated a composite score summarizing GPs' vaccine recommendation frequency for 6 vaccine situations and used a five-step hierarchical linear regression to study the score's links with practice location and individual and contextual factors. Results: GPs' vaccine recommendation frequency score was highest in NW France and lowest in the SE. The low SE score was explained by GPs' greater doubts about vaccine utility and risks and lower trust in information sources. The high NW score was partially explained by greater adherence to guidelines by GPs there. The contextual factors studied did not explain regional differences. Conclusion: The geographical variations in GPs' vaccination-related attitudes and practices suggest that vaccine hesitancy among GPs differs in prevalence between regions. These variations coincide with north/south trends in population VC. Intervention strategies to restore confidence in vaccines should target GPs and must be adapted to each regional context.
Introduction
V accination coverage (VC) for routine childhood vaccines and seasonal influenza vaccine can differ substantially within countries. [1] [2] [3] It does so in France, with a downward gradient from its northern to southern regions of VC against measles, meningococcal C (menC) and human papillomavirus (HPV) in the general population 4, 5 and of VC against hepatitis B and pertussis among general practitioners (GPs). 6 These variations raise questions about the distribution of vaccine hesitancy (VH) within countries, which has been shown to be highly context-dependent 7 and is especially marked in France. 8 Geographic clusters of underimmunization have already been observed in various countries, particularly in infants, and often correspond to pockets of VH among parents. 9, 10 These observations justify the investigation of the determinants of VH at local levels, as already reported for parts of the USA and Europe (e.g. for HPV vaccination). 11, 12 Healthcare professionals influence their patients' decisions regarding vaccination. 13, 14 These professionals may also be vaccine-hesitant, as found for significant percentages of GPs in France and elsewhere. 15, 16 Studies controlling for patients' characteristics regularly show geographical variations of medical practices in various fields. 17, 18 Data from previous national and regional studies in France (grey literature) of GPs' practices report north/south differences, for example in the management of pharyngitis in children and the use of rapid streptococcus tests. Several reasons may explain these differences. They may result from variations within a country in the content/modalities of initial training (medical school programmes and clinical internships), the availability and variety of continuing medical education (CME), or the epidemiologic context. A second line of explanations lies in the adaptation of physicians' practice styles (i.e. their preferences and habits regarding prescriptions) to their environment (socio-cultural context, constraints, and advantages, such as local health policies, demographics and density of various healthcare professionals). 19 Better understanding of within-country geographical variations of medical practices concerning vaccination may improve our understanding of the causes of within-country variations of VH and enable us to design tailored interventions to address it more appropriately.
Using data from a representative panel of 2586 GPs in private practice in France composed of 4 separate, mutually exclusive samples (three specific regional samples and another multiregional for the rest of France), 20 we sought to: (i) compare, between these samples, GPs' perceptions of the utility and risks of some vaccines recommended by French health authorities, their trust in official sources about vaccination, and the frequency of their vaccine recommendations to their patients, and (ii) identify the individual (professional characteristics, experience related to vaccination and vaccinepreventable diseases (VPD), and perceptions of information sources about vaccines) and contextual factors (epidemiological context of some VPDs and local density of physicians) associated with regional variations in GPs' vaccine recommendations to patients.
Methods

Population
Primary care in France is mostly provided by GPs in private practice, paid according to a fee-for-service system. A supplementary paymentfor-performance (P4P) programme ('Rémunération sur objectifs de santé publique, P4P-ROSP') began in 2012, funded by the National Health Insurance Fund to induce GPs to work towards public health objectives.The panel was designed to collect information about GPs' medical practices, working conditions and opinions about public health policies. The method used to set up the panel has been described in detail elsewhere. 20 Briefly, between November 2013 and March 2014, GPs were randomly selected from the exhaustive French database of healthcare professionals (62 000 GPs in total) and included into one of four different samples: three separate regional samples, covering southeastern (SE), central-western (CW) and northwestern (NW) France, and a fourth multiregional sample covering the rest of France (map in Supplementary appendix S1). Sampling was stratified for gender, age, number of office consultations and house calls in 2012 (workload), and for the density of each GP's municipality of practice. The National Authority for Statistical Information (Commission Nationale de l'Information Statistique) approved the panel.
Procedure and questionnaire
The first cross-sectional survey took place from April to July 2014 and focussed on GPs' vaccination perceptions and practices. 15, 20 GPs received compensation equivalent to one consultation fee for their participation in this survey. Professional investigators conducted the interview with the help of computer-assisted telephone interview software.
After a review of existing literature and qualitative interviews on the topic with 10 GPs, we developed a standardized questionnaire (see Supplementary appendix S2), which was then pilot-tested for clarity, length, and face validity among 50 GPs. It collected information about: (i) GPs self-reported vaccine recommendation frequency (1 = never to 4 = always) in six specific vaccine situations, chosen because their current VC rates in France do not meet official objectives: MMR for nonimmune adolescents and young adults, MenC for 12-month-old infants, MenC for ages 2-24 (catch-up), HPV for girls aged 11-14, hepatitis B for adolescents (catch-up), and seasonal influenza for adults under 65 with diabetes; (ii) GPs' trust in the reliability of information about the overall benefits and risks of vaccines provided by various sources (1 = no trust to 4 = strong trust); and GPs' opinions about (iii) their perception of the likelihood of links between potential severe adverse effects and certain vaccines (1 = not at all likely to 4 = very likely); and (iv) the utility of vaccines generally (1 = strongly disagree to 4 = strongly agree). 15 GPs were also asked about their professional characteristics (including CME participation and practice of complementary medicine, such as homeopathy and acupuncture) and experiences related to vaccination (table 1), and their attitudes towards the official vaccine recommendations (table 2). VPD, vaccine-preventable disease; CME, continuing medical education. a: Multivariable regressions on unweighted data, adjusted for stratification variables, were used to test for regional vs. 'Rest of France' (reference) differences. b: Sample, not including any of the GPs in the three regional samples considered here. c: Complementary medicine: e.g. homeopathy and/or acupuncture. d: Five VPDs were mentioned in the questionnaire: measles, acute or recently diagnosed chronic hepatitis B, bacterial meningitis, cervical cancer, and complicated seasonal influenza requiring hospitalization.
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Next, the panel data were supplemented with (i) the density of paediatricians in each GP's municipality of practice (DREES, Ministry of Health), and (ii) incidence rates for measles (by district) and seasonal influenza (by region) in 2009-13 in the general population (Santé Publique France and Réseau Sentinelles surveillance databases). Finally, we calculated, for each participant, a composite indicator of her/his degree of achievement of public health objectives other than vaccination, based on the P4P-ROSP programme as a proxy for their general adherence to guidelines (see Supplementary appendix S3); we used 2013 data about adherence to guidelines in prevention (excluding vaccination), chronic disease monitoring, and drug prescription.
Statistical analysis
All the samples were weighted for the four stratification variables to ensure their representativeness according to these variables.
According to methods already published, 15 we constructed a frequency score variable by summing each GPs' responses on the Likert scales to the six items about their frequency of vaccine recommendations to patients (the higher the score, the higher the recommendation frequency, Supplementary appendix S4). We similarly constructed three other scores 15 (Supplementary appendix S3): (i) 'perceived vaccine risks' summing their answers about their perceptions of the likelihood of links between various vaccines and potential severe adverse effects (six items, table 3); (ii) ''doubts about vaccine utility''; and (iii) 'trust in official and scientific sources' (four items, table 3).
We used a five-step hierarchical linear regression to study the links between GPs' self-reported vaccine recommendation frequency (dependent variable) and their practice location (variable of interest: inclusion in one of the three regional samples, or in the multiregional sample) and other individual and contextual factors (listed below). In step 1, the starting model (M1) included their practice location and was adjusted for the four stratification variables. Then, we successively added groups of variables to study the extent to which each group affected the association between the dependent variable and practice location: step 2 (M2), GPs' professional characteristics and experience of VPD and adverse effects of vaccines (table 1); step 3 (M3), scores of perceived risks and doubts about vaccine utility and of trust in official and scientific sources; step 4 (M4), attitudes regarding official vaccine recommendations and indicator for guideline adherence; and step 5 (M5), contextual variables (paediatrician density, since these specialists share with GPs an important role in vaccine prescriptions in France, and incidence rate of seasonal influenza, MenC and measles). a: Sample, not including any of the GPs in the three regional samples considered here. b: The higher the score, the more frequently the GPs recommended vaccines to their patients. c: The higher the score, the more likely the GPs were to consider vaccines causally associated with severe adverse effects. d: The higher the score, the more doubtful the GPs about the utility of vaccines generally. e: The higher the score, the more trust the GPs had in official/scientific sources to provide reliable information about vaccines.
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Finally, we further adjusted model M5 for the age structure (<16 and >60 years) of GPs' patient lists (information available for 91% of participants).
We used partial R-squares to quantify the partial contributions of each explanatory variable to the variation of the dependent variable. 21 We computed the variance inflation factor (VIF) to test for multicollinearity and interpreted VIF values <5 as presenting no multicollinearity issues. 22 All statistical analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC) and based on two-sided P-values, with P 0.05 indicating statistical significance.
Results
Overall, 2823 GPs (41% of those contacted and eligible) agreed to participate in the panel, which entailed responding to five different cross-sectional surveys over 3 years. Among them, 2586 (92%) participated in the vaccination survey (details in table 1). Participants did not significantly differ from those who joined the panel but did not participate in the vaccination survey according to stratification variables, with the exception of workload in NW France (table 1) . GPs in NW France practiced complementary medicine less often (9%) than those in the multiregional sample (13%, P < 0.05), and GPs in SE France reported fewer CME sessions (P < 0.001, table 1). The percentage of GPs reporting at least one patient with a VPD in the last 5 years was lowest in NW France (86 vs. 89% for the rest of France, P < 0.05, table 1).
The percentage of GPs relying on their own judgment rather than on official vaccination recommendations was lower in NW (29%) and CW France (25%) than in the rest of France (34%, P < 0.05). GPs' guideline adherence was lowest in SE France (table 2) .
GPs' scores for vaccine recommendation frequency and trust in official sources were lowest in SE France, and those for perceived risks and doubts about vaccines utility were lowest in CW and NW France (table 3) .
Multiple linear regressions with the sample for the rest of France as the reference
All variables included in the models were significantly associated with the recommendation score (dependent variable, table 4). Occasional practice of complementary medicine, the scores for perception of risks and doubts about vaccine utility, GPs' perceived role in vaccination, and the indicator for guideline adherence contributed notably to the models, as indicated by their partial R-square (table 4) while none of the studied contextual factors contributed to the models.
In M1 (table 4) , GPs' vaccine recommendation frequency was lowest in SE France and highest in NW France; M2 (adjusted for GPs' professional characteristics) did not show a notable change in the coefficient associated with GPs' practice location except for SE France. In M3, the coefficient for SE France was no longer significant after adjustment for the scores for perception of risks and doubts about vaccine utility. M4, adjusted for GPs' attitudes regarding official vaccine recommendations and their adherence to guidelines, showed a reduction of the coefficient for NW France. In M5, further adjustment for environmental variables (table 4) did not notably change the results of M4 regarding GPs' practice location. Multicollinearity presented no issues in the linear models. Results were similar after additional adjustment of M5 for the age structure of GPs' patient lists.
Discussion
This study is the first to investigate and confirm geographical variations of self-reported vaccine recommendation practices by French GPs among large regional and multiregional samples. GPs' vaccine recommendation frequency was highest in NW France and lowest in SE France. The distribution of GPs' professional characteristics and of those of their practice environment did not completely explain these differences between regions. Differences in GPs' perceptions of vaccine utility and risks and their trust in information sources explained the low vaccine recommendation frequency in SE France. GPs' perceived role, attitudes regarding the official vaccination schedule and guideline adherence, together with their perceptions of vaccines, partially explained the high recommendation frequency score in NW France.
The previously reported strong associations between GPs' vaccine recommendation frequency and their perceptions of vaccine utility and risks 15 suggest that VH exists among these professionals. Past and recent controversies in France concerning some vaccines considered in our study (especially hepatitis B and HPV vaccines) and insufficient or ineffective training of physicians in the area of vaccination may have fuelled GPs' uncertainties about them. 23 More generally, the more space for physicians' personal beliefs, the more variations in medical practices. 17, 24 The regional variations in GPs' vaccine recommendation frequency, perceptions of vaccine utility and risks and trust in sources of information about vaccines suggest that the prevalence of VH among GPs 25 varies according to region in France. This important finding coincides with reports of similar gradients in both the prevalence of unfavourable attitudes towards vaccination in general in the French population and in VC for various vaccines among the general population and GPs. 4, 6, 26 These observations should be taken into account in public health intervention strategies addressing VH, which should target not only parents but also health professionals and should be tailored according to regional characteristics. The French government's 2017 decision 27 to extend compulsory vaccination from 3 vaccines to 11 in children younger than 2 years makes an effort to restore trust in vaccines, more necessary now than ever. 8 These regional variations in GPs' vaccine recommendation frequency (table 3) may be related, at least in part, to regional practice styles and may result from variations in the content and modalities of initial training provided by regional schools of medicine, as observed, e.g in the USA 28 and the UK. 29 Despite the national curriculum for undergraduate medical training in France, medical schools have some flexibility in its implementation at the regional level. 23 Moreover, the differences by region in GPs' adherence to various public health guidelines (table 2) and the effects of this variable on the relation between practice location and vaccine recommendation frequency (M4) support the existence of regional medical practice styles and their potential influence on vaccination practices. The limited effect of CME on this relation (M2) may be linked to the diversification of CME availability in France, which no longer depends only on the regional medical schools. 30 In any case, efforts at the level of these schools are necessary to improve GP training about vaccination.
The absence of impact of contextual factors (paediatrician density and measles incidence) on regional variations in GP vaccine recommendation frequency is somewhat counterintuitive: local epidemiological and organizational settings have been shown to influence doctors' daily practices. 19 Our result is probably due to a lack of statistical power related to the low number of geographic units in our study. Nonetheless, the negative correlation between GPs' vaccine recommendation frequency in 2014 and local measles incidence during the 2008-11 measles epidemic in France is interesting. Although this result must be interpreted cautiously because of the lack of a clear temporal correlation, it suggests that GPs tended to recommend the MMR vaccine less frequently in areas most affected by the measles epidemic, even after it ceased. This potential behavioural inertia might also reflect the persistence of pockets of vaccine reluctance among local populations despite repeated official warnings about this epidemic. 5 These areas exist in SE France (in the Alps), where many well-educated and/or affluent people have settled, and numerous studies have reported that this population is more likely to delay or refuse vaccines than others.
On the other hand, the fact that GPs recommended vaccines more frequently in areas with higher local density of paediatricians might result from a positive influence of informal collaborations between GPs and paediatricians caring for the same families.
Some limitations of this study should be discussed. Given that GPs, by joining the panel, agreed to take part in five different surveys during a 30-month period, the commitment rate (41%) is fair, and higher than in other panels of primary-care physicians. 32 This point does not, however, rule out the possibility of selection bias. In particular, panel participants and non-participants differed in workload in one of our samples. Nonetheless, weighting samples according to stratification variables should have limited any potential selection bias that might have arisen from those differences. Moreover, to limit potential selection bias that could have resulted from GPs' particular attitudes about vaccination, this topic was not mentioned to GPs during the inclusion phase. Vaccine recommendation frequency was self-reported, which is a limitation that our study shares with previous publications on this subject: declaration or desirability biases cannot be excluded. However, questionnaire data appear to overestimate vaccination rates by <10%, 33 and self-reported VC (e.g. for pandemic or seasonal influenza) in hospital healthcare workers has been shown to be a good proxy for recorded VC. 34 Since this vaccination survey is cross-sectional and retrospective, no causal inferences can be drawn. Controlling for the proportion of GPs' patients younger than 16 years and older than 60 years in their patient list did not affect our results. However, other patient characteristics, especially their hesitancy, might influence GPs' vaccine recommendation behaviour. 35 Because we had only three regional samples, we were unable to use multilevel analysis, which is usually used to analyse hierarchical data. Finally, we failed to explain all of the variability between the four samples (model M5). Unobserved characteristics of GPs and patients or contextual factors (socio-cultural, organizational, local policies etc.), alone or in combination, might explain these residual variations. In addition to the practice styles discussed earlier, cultural values might also explain differences in individuals' (not only GPs') propensity to adhere to official recommendations. 36, 37 Exploring these values is beyond the scope of this article, but more research is warranted to understand them better and to study their interactions with medical practices and especially VH. 38 This remains one of the necessary steps to propose tailored interventions to help GPs cope with VH.
Conclusion
Our findings suggest that GPs' vaccination practices may vary according to their practice region. Such unexplained variations probably exist in other countries, among physicians and other health care workers involved in vaccination activities. Further work is needed to improve our understanding of these regional differences in practices to help adapt intervention strategies to restore the confidence of GPs, patients and parents in vaccination in each regional context. This exemplifies the importance of collecting data on VC and VH at local and regional scales.
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